Introduction
It has been demonstrated that the time-averaged, Aweighted sound level (L Aeq ) correlates with the perceived loudness of various sounds [1] . Considered theoretically, good correlation is expected only when young people with normal hearing judged the loudness because the frequency-weighting A has been determined on the basis of their equal-loudnesslevel (ELL) characteristics. Figure 1 shows the A-weighting curve with the inverse of 40-phon ELL contours of young and older adults [2] . Although the ELL contour of young adults matches the Aweighting curve well as a whole, that of older adults deviates downward from the curve at high frequencies. Consequently, L Aeq might not be a good measure of perceived loudness for older people with presbycusis.
In this study, we examined whether a weighting method based on the ELL contour of older adults could be used to estimate their perceived loudness of various sounds in real environments better than the A-weighting.
Method
Fifteen sounds in living and working environments selected from a sound library were used as stimuli (Table 1 , Fig. 2 ). These stimuli were presented for 7 s through a loudspeaker (i8; Tannoy Ltd.) that was set 3 m from the listener's position in an anechoic room of AIST.
The method of magnitude estimation without a modulus was used to measure the loudness of sound stimuli. The listener sat on a chair, facing the loudspeaker directly. After each sound presentation, the listener orally reported a positive number that he/she thought corresponded to the magnitude of perceived loudness. Stimuli were presented to the listener randomly. The first trial was for practice, and responses in the second and third trials were adopted for the analyses described below.
Listeners were young students (16 men, 17 women) aged from 18 to 24 years and older adults (10 men, 24 women) in their 60 s who had been screened for hearing abnormalities. They participated in the experiment after the measurement of ELL contours [2] . The experiment was conducted after approval by an AIST ethics committee. All the listeners participated in the measurements after providing their informed consent.
Results and discussion
The geometrical means of two estimates were calculated for individual listeners to derive their magnitude estimates (MEs) for each sound. Then, group geometrical means were calculated for the young and older listeners separately. Figure 3 displays thus-calculated values for the older listener group. The group MEs are shown against L Aeq values as well as sound pressure levels (SPLs) that were weighted by the listeners' ELL characteristics of 60 phons [2] and averaged over time. The 60-phon curve, instead of the 40-phon curve, was chosen since its reference level (60 dB) was closer to the average level (64.2 dB) of the 15 stimuli. Table 2 shows the coefficients of determination when a linear regression from the weighted SPLs to the MEs was assumed. The coefficients were larger for both age groups when weighted by ELL characteristics than by A-weighting characteristics. Furthermore, the improvement of the fitting of the regression line was larger for older adults and their coefficient became closer to that of young adults. Thus, the perceived loudness can be estimated better using listeners' loudness characteristics than using the conventional Aweighting.
In Fig. 3 , the improvement of loudness estimation is large for stimulus no. 11. This sound had high energy at frequencies of 500-4,000 Hz (Fig. 2) , where age-related change in loudness perception is typically observed. This finding validates the weighting procedure introduced in this study. For stimulus nos. 4 and 5, the SPLs weighted by ELL characteristics became higher than the A-weighted levels. These sounds had high energy at low frequencies, where the effects of aging on loudness are small, and are perceived to be louder for older ears.
In contrast, for stimulus nos. 6, 7, and 9, the SPLs became lower. These sounds can be characterized by their high energy at high frequencies. However, the SPLs of stimulus nos. 6 and 9 moved away from the regression line and did not contribute to the improvement of overall fitness. Therefore, loudness-perception characteristics should be determined To summarize, the weighting of SPL by the ELL characteristics of older listeners was more effective than Aweighting for estimating their perceived loudness. The effect was remarkable especially when the sound had higher energy at higher frequencies where the age-related hearing loss is large or at low frequencies where older adults retain their relatively good hearing ability. 
